We studied the distribution of Ca2' -or M$-dependent ATP ase activity in rat neurohypophysis using the lead cytochemical method of Ando et al. In electron microscopy, precipitates were found lining the outer surface of the plasma membrane surrounding nerve endings and pituicytes. These precipitates were beliwed to represent the activity of ectoATPases (as opposed to Ca pump ATPases) for the following reasons: there was equal activation by Ca2' in the absence of M$+ or Mg2' in the absence of Ca2+; the effects of the two ions were not additive; there was activation by ATP or
Introduction
It is believed that ATP is co-released with transmitters at the external surface of nerve endings, where it can act on purinergic receptors. Its action can be terminated or modified by ecto-ATPases (Edwards, 1994; Zimmermann, 1994) , although the physiological role, the topography of the molecular components, and the exact interrelations of these evens are still largely speculative. The evidence for ecto-ATPases on nerve endings zests essentially on the biochemical study of synaptosomes (Hohmann et al., 1993; Keller and Zimmermann, 1983; Nagy et al., 1983; Sorensen and Mahler, 1982) and on the resemblance of the enzymatic activity found at their surface to ecto-ATPase activity in other cell types. However, synaptosomes are cell fragments which, even if properly released, may exhibit cytoplasmic components at their outer surface, e.g., postsynaptic densities. Some authors relied on differential fractionation of synaptosomes to deduce that the postsynaptic densities were probably not involved in ecto-ATPase activity (Sorensen and Mahler, 1982) . but this was questioned recently by more direct cytochemical evidence (Kittel and Bacsy, 1994) . Although there is longstanding evidence of an action by extemally released ATP on presynaptic Supported by the CNRS (URA 1938 GTP; and there was resistance to glutaraldehyde fixation, to high (10 mM) Ca" concentrations, and to various inhibitors such as NEM, " l a t e , oligomycin, quercetin, p-chloromercuribenzoate, ouabain, and levamisole. Cytosolic activity observed in certain n e m endings in the same conditions of incubation but more sensitive to NEM is also described and discussed. (JHLFtochem Cytochem 44:103-111,19%)
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neuronal physiology (Israel et al., 1980) , direct evidence for ectoATPase activity at the periphery of nerve endings is still very scarce.
To our knowledge, no demonstration of ecto-ATPase activity has been published for neurohypophysial nerve endings, which specialize in neuropeptide secretion. Neuropeptide granules appear to contain ATP (on the order of 2 mM) (Gratzl et al., 1980) , and the exocytotic secretion of these granules is likely to increase extracellular ATP concentration in the immediate vicinity of the nerve ending plasma membrane. Recent electrophysiological Lemos, 1993, 1995) and calcium imaging (our unpublished data) studies favor the hypothesis of a role for stimulus-linked ATP release at neurosecretory nerve endings. This raises the question of the breakdown of secreted ATP, which can result from the activity of ecto-ATPases. We therefore investigated the ultrastructural localization of ATPase activity in the presence of Ca2', Mg2' , and both ions in rat neurohypophysis, using a lead-precipitating method (Ando et al., 1981) . In addition to cytoplasmic precipitates, which are described and discussed, we regularly found an equally intense Ca2+-or Mg2'-ATPase activity, attributed to ecto-ATPases, on the external side of he plasma membrane of the pituicytes and neurosecretory terminals.
Materials and Methods
Light Microscopy. Three rats were anesthetized with pentobarbital and perfused through the left ventricle with 2.5% glutaraldehyde (pH 7.25, 0.1 M cacodylate buffer) after elimination of the blood by normal Locke Electron Microscopy. The rats were anesthetized with pentobarbital and perfused through the left ventricle with buffered 2.5% glutaraldehyde as above, after elimination of the blood by normal Locke solution. The NH and IL were then removed from each animal and immersed in the same fixative for 20 min. The tissues were washed with 0.05 M NaCl (pH 7.22. 0.1 M cacodylate buffer) for 1-2 hr. The NH and IL were sectioned in the washing medium at a thickness of approximately 100 pm using a Lancer vibratome (St Louis, MO). Slices were briefly washed for 15 min in glycine buffer (250 mM, pH 9), then incubated for 30 min in the media described above. After incubation. the samples were rinsed first in glycine 250 mM (pH 9) for 30 min. then in 0.05 M NaCl buffered by 0.1 mM cacodylate (pH 7.25) for 1 hr. postfixed with 1% Os04 in 0.1 M cacodylate for 30 min, and dehydrated through a graded ethanol series, followed by propylene oxide and embedding in Epon. Ultrathin sections were observed, without further staining (i.e., taking advantage of the intrinsic electron opacities ofosmium and of the lead precipitate). with a Philips CM12 electron microscope at 60 kV.
"Ecto-active" and "endo-active" endings were counted on electron micrographs of pericapillary regions printed at a final magnification of x 6000. The enumeration was made within a circle whose center was the middle of the capillary and whose radius was the average radius of the capillary plus 10 pm. All pericapillary regions were retained in examining the tissue section from left to right and top to bottom until a maximum of eight regions was reached. To test if the distribution could be correlated with block level, two levels of section 15 pm apart were systematically observed in each block from three rats. The proportion of heavily labeled profiles (defined as profiles in which the precipitate masked all structures but mitochondrion and the core of neurosecretory granules) among endo-active endings was calculated separately on the tissues from W O rats incubated under control conditions (Conditions A and B in Table 1 ) and from two rats incubated in the presence of NEM (Condition A + NEM 10 mM). (A) ATPase activity in the presence of 10 mM Ca2' and 10 mM Mg" (Condition A in Table 1 membrane was surrounded by poorly reactive pituicytes or by connective tissue, showed much less or no precipitate on the outer face of the plasma membrane ( Figure 3A ). The proportion of endoactive terminals was the same for a given rat in all conditions of incubation susceptible to yield an ATPase reaction, but this proportion showed a very important interindividual variation (Table 2) . No differences between levels of section were noted in the distribution of endo-vs ecto-active endings in the three rats tested for interlevel variability (rats 1, 2, and 3 in Table 2 ).
The distribution pattern described above for Conditions A, B, and C in Table 1 was similar when the divalent cation concentrations were lowered to 1 mM ( Figure 4A ), when ATP was replaced by GTP ( Figure 4B ), or when the inhibitors NEM and vanadate were used ( Figures 4C and 4D) . Electron microscopic examination also confirmed that there was no precipitate in the absence of ATP or in the absence of divalent cations ( Figures 4E and 4F) . The precipitates were usually less abundant in endo-active nerve endings after incubation in the presence of 10 mM NEM. This impression was quantified by counting the proportion of heavily labeled profiles among the endo-active endings. In the two rats incubated with NEM, this average percentage was respectively 7 % ( 2 2, SEM; n = 7) and 6% (+4, SEM; n = 3). whereas in the absence of NEM the average percentage was respectively 32% (29, SEM; n = 3) and 24% (+3, SEM; n = 4).
Light Microscopy
After incubation in the presence of 10 mM Ca2+ and 10 mM Mg2+ (Condition A, Table I ), the sections showed a striking difference between the neurohypophysis and the intermediate lobe. The ATPase reaction product was abundant over the neural lobe but the intermediate lobe was almost stain-free apart from the connective septa containing blood vessels and nerves ( Figure 1A) . In the neural lobe, more intense dark brown staining was observed in two types of structures, small spherical profiles 1.5-6 pm in diameter, and thread-like profiles, sometimes sinuous, approximately 1 pm in diameter and 5-10 pm long. Sometimes one end of a thread ended in a sphere ( Figure 1B, arrow) , and we assumed that the threads were preterminal axons and the spheres were nerve endings. When sections were incubated with lower concentrations of Ca2+ and Mg2' (Condition D, Table I ), the reaction product was less abundant, with a similar distribution on the entire section.
In media deprived of ATP or divalent cations (Conditions G and H, Table 1 ) there was no visible reaction except perhaps for the nuclei, which could be seen in pale yellow. The same absence of precipitate was observed when ATP was replaced by 5-AMP (Condition 1, Table 1 ). Assays of the substrate GTP (Condition J, Table  1 ) and the inhibitors vanadium oxide or PCMB (1 mM) gave results similar to those obtained in Condition D. Oligomycin or quercetin gave results similar to those obtained in Condition A. As seen in Figure 1B , the only inhibitor that substantially decreased the overall staining was 10 mM N-ethylmaleimide (NEM), whereas 1 mM Discussion was ineffective.
Specificity of the Method Electron Microscopy
The general localization of the lead precipitates indicative of ATPase activity was the same in presence of calcium, magnesium, or both ions (Figures 2A-2C ) and was mostly limited to a zone of 10-20 pm around capillaries. The plasma membrane of many pituicytes, most neurosecretory nerve terminals, and red blood cells when present (not shown) usually showed an abundant precipitate on their outer surfaces. In contrast, the plasma membranes of endothelial cells were less active (Figure 2 ). Mitochondria occasionally showed precipitates between their outer membranes and inside the cristae (Figure 3) . In pituicytes, the rough endoplasmic reticulum, the nuclear envelopes, and the lipid bodies were devoid of precipitate. Occasional smooth cisternae could be seen with an associated precipitate on the membrane. In neuronal elements, easily identified by the neurosecretory granule content, tubules of endoplasmic reticulum contained a fine precipitate in their lumens. Some nerve terminals contained granules and microvesicles with a thin lead precipitate at their periphery, but when ATPase activity was conspicuous inside the nerve elements, in most cases this activity was masked by a significant precipitate filling the cytosolic space. We describe these terminals as "endo-active.'' The majority of terminals did not show much precipitate except on the outer surface of the plasma membrane (Figures 2-4 ). and will be called here "ecto-active." The extracellular localization of the precipitate could clearly be seen at high magnification when the precipitate was not too heavy ( Figure 3B ). Endo-active terminals, when their plasma The lead citrate (one-step) method of Ando et al. (1981) has been used by numerous authors for the localization of Ca2+-and/or Ca2+, Mg2+-ATPase on various plasma or cytomembranes (see Kittel and Bacsy, 1994; Maggio et al., 1991; Soji et al., 1991; Yoshioka et al., 1990; Mata and Fink, 1989; Taffarel et al., 1989; Anderson Forsman and Elfvin, 1987) . The specificity of this method for the demonstration of Ca2+-ATPases has been established on biochemical grounds by reproducing on polyacrylamide gel film the conditions of ultrastructural cytochemistry (El-Sherif et al., 1990) . The experiments were performed at alkaline pH (pH 9) which is far from the optimum for acidic and neutral phosphatase activity. Levamisole, a potent inhibitor of alkaline phosphatases, was added to the incubation media (Ando et al., 1981) , and Na', K+-ATPase activity was abolished with ouabain. This technique has often been considered a reliable and useful method to reveal Ca2+-transporting ATPases and secondarily ecto-ATPases (see review in Stahl and Baskin, 1990 ). More recent work emphasized the presence of a sometimes predominant ecto-ATPase activity (Cardy and Firth, 1993; Barry, 1992) .
Evidence that the Precz)itate Observed on the Plasma Membranes Is Mainly Due to Ecto-ATRases as Opposed to Transporting C&+-A?Fases
The precipitates were localized in a majority of endings (called ectoactive) at the outer surface of the plasma membrane. This localization is not expected for a calcium pump ATPase (Cardy and Firth, Figure 2 . Electron micrographs of pericapillary regions from rat neurohypophysis. C, capillary lumen; CO, collagen-rich extracellular matrix. (A) ATPase activity in the presence of 10 mM Ca2' and 10 mM Mg" (Condition A in Table 1 ). Arrow points to a heavily labeled endo-active nerve ending. (E) ATPase activity in the presence of 10 mM Ca2' (Condition B in Table 1 ). Arrow points to a moderately labeled endo-active nerve ending. (C) ATPase activity in the presence of 10 mM Mg2' (Condition C in Table 1 ). Arrow points to a heavily labeled endo-active nerve ending. Original magnification x 7000. Bars = 2 pm.
.bT2"7 1993; Barry, 1992; Kortje et al., 1990; Yoshioka et al., 1990) . We have established that Ca2' or Mg2+ alone (at mM concentrations) can activate ATP hydrolysis, with similar efficiency in both cases. The equal activation by Ca2+ or Mg2+ is considered as a common property of Ca2+-activated ecto-ATPases in a variety of tissues (Plesner, 1995; Hohmann et al., 1993; Cheung et al., 1992; Lin and Russell, 1988; Hamlyn and Senior, 1983) . The use of GTP but not AMP as substrate is also characteristic of ecto-ATPases (Plesner. 1995) .
It is likely that transporting Ca2+-ATPases, also localized by the method of Ando et al. (198l) , would need MgZ+ ions or at least would show an increase in activity when MgZ+ was added to the incubation medium (Cardy and Firth, 1993; Carafoli, 1991) . They would be optimally activated by micromolar or smaller concentrations of CaZ+ (Cardy and Firth, 1993) and would be inhibited by 10 mM Ca2+ (Barry, 1992) . The activity of transporting Ca2+-ATPases appears to be at least partially inhibited by glutaraldehyde fixation (Kortje et al., 1990; Ogawa et al., 1986; Ueno et al., 1984) , and we did not see much difference between the precipitates observed after 1.3% formaldehyde + 0.25% glutaraldehyde fixation and those observed on 2.5 % glutaraldehyde-fixed neurohypophyses, the precipitates being rather denser in the second case. Transporting CaZ+-ATPases strictly require ATP as a substrate and, unlike ecto-ATPases, do not cleave other triphosphates (Cardy and Firth, 1993; Hohmann et al. 1993) ; in the present work, GTP gave results similar to ATP for ecto-active endings. Finally, the resistance to vanadate, PCMB 1 mM, and NEM can also be considered as evidence that we observed ecto-ATPases rather than calcium pumps (Cardy and Firth, 1993; Cheung et al., 1992; Lin and Russell, 1988) . PCMB 10 mM repeatedly induced a more intense overall precipitate, which we could not explain but provisionally considered to result from a possible direct interference with the cytochemical reaction rather than from enzyme inhibition. The inhibition of overall activity by NEM did not affect ecto-but mainly cytosolic ATPases.
5'-Nucleotidases are another well characterized category of ectoenzymes that can be demonstrated histochemically (Robinson and Karnovsky, 1983) but the precipitates that we observed on the external cell surface were not due to 5'-nucleotidases, because AMP did not elicit a reaction. However, we cannot conclude with certainty that these enzymes were absent, because they would have probably been inactivated in our experimental conditions.
The present histochemical demonstration of ecto-ATPases did not enable us to make a distinction between the multiple classes or subtypes of ecto-ATPases that are likely to be present (Plesner, 1995) . Until antibodies become available, the assignment of the lead precipitates shown in this report to a specific ecto-ATPase is not possible. Table 1 ). (B) GTPase activity in the presence of 1 mM Ca2' and 1 mM Mg2' (Condition J in Table 1 ). (C) ATPase activity in the presence of 10 mM Ca2', 10 mM Mg2', and 10 mM NEM. (D) ATPase activity in the presence of 1 mM Ca2', 1 mM Mg2'. and 0.1 mM V205. (E) Control incubation without ATP in the presence of 10 mM Ca2' and 10 mM Mg2' (Condition H in Table 1 ). (F) ATPase activity in the absence of divalent cations (Condition G in Table 1 ). Original magnification x 20.000. Bars = 1 pm. 
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When the precipitate occupies most of the intergranular cytoplasm of the nerve endings, assuming that there is no massive translocation, it cannot be attributed to ecto-ATPases. Intensely endo-active cell compartments were always nerve endings and represented a minority of the nerve ending population. The distribution of endo-(either heavily or moderately labeled) and ecto-active terminals around the capillaries was random and did not appear to be correlated with diffusion of the incubation medium or the fixative. In ecto-active endings, there was a discrete activity suggestive of endoplasmic reticulum Ca2+-ATPase pump, as well as a granule membrane ATPase (possibly a proton ATPase) (Russell, 1984; Scherman et al., 1982) but it is likely that the bulk of this precipitate that can be observed in endo-active nerve endings was not due to these enzymes. The high calcium concentrations and the glutaraldehyde fixation should partly inhibit the endoplasmic teticulum Ca2+ pump (as for the plasma membrane Ca2+ pump, see above), whereas high pH should inhibit the granule W pump (Moriyama and Futai. 1990 ).
The cytosolic precipitates could therefore be due to motor ATPases such as small myosins, dyneins, or kinesins. These motor proteins are known to play a role in axonal growth cone movements and organelle transport, and are particularly abundant in mons (Titus, 1993; Pollard et al., 1991; Schroer and Sheetz, 1991) . We found no data indicating that the particular conditions of aldehyde fixation and high incubation pH required by the method of Ando et al. could suppress the activity of any of these ATPases. However, in the absence of calcium there should be very little magnesium-induced ATPase activity if the ATPase was kinesin (Kuznetsov and Gelfand, 1986) . Dynein is very sensitive to vanadate or to low concentrations of NEM (Shpetner et al., 1988) . If kinesin and dynein are not good candidates, the cytosolic activity could then be a myosin ATPase, as previously suggested for dendritic spines (Cohen and Kriho, 1991) . It was noted that the method stained thick filaments in rat heart muscle (Ando et al., l981) , and on thick filaments of ctenophore smooth muscle, a periodic activity with a pattern suggestive of myosin heads could be seen (M. L. Hernandez-Nick, personal communication). Histochemistry of actomyosin ATPases has been extensively used for a long time in the typology of mammalian striated muscles (Ogata, 1988; Yellin and Guth, 1970) ; it gave relevant information that these enzymes were resistant to lead, to high (>9) pH, were inhibited by NEM (2.5 mM), and would use various nucleotide triphosphates (such as GTP) but not monophosphates (such as AMP) as substrates (Meijer, 1970) .
The identification of the cytosolic precipitate with myosin ATPase activity is open to further experimentation.
A cytosolic activity similar to that described in the present article has been reported in nerve terminals of the hamster tongue (Barry, 1992) , in postsynaptic densities of rat brain (Mata and Fink, 1989) , and in synaptosomes (Kittel and Bacsy, 1994) , and was also observed with a cerium (instead of lead) cytochemical method in fish presynaptic terminals (Kortje et al., 1990 ) and in dendritic spines of rat cerebral cortex (Cohen and Kriho, 1991) . In these reports, as in our study, the activity was not observed in every structure, as though the activity were controlled by a metabolic switch; the same switch would operate to turn off the ecto-and turn on the cytosolic ATPase activity.
Ecto-ATPases in Neurohypophysis
Ecto-ATPases have been known for many years but their possible role@) are still the object of speculation. They may be as diverse as those of a transporter (Sippel et al., 1994) or a cell adhesion molecule (Aurivillius et al., 1990) , and they probably differ in different cell types (Plesner, 1995) . The roles proposed for nerve terminal ecto-ATPases include termination of direct ATP effects on the plasma membrane, production of active ligands resulting from ATP breakdown, and recycling of nucleotides by adenosine uptake (James and Richardson, 1993; Nagy, 1986; Zimmermann et al., 1986) .
The only cytochemical study of Ca2+-ATPases published to our knowledge in mammalian neurohypophysis also used the method of Ando et al., but after formaldehyde rather than glutaraldehyde or mixed fixation (the present work). The authors reported in guinea pig neurohypophysis the presence of a precipitate associated with pituicyte but not with nerve terminal plasma membranes . They suggested that the precipitate was due to the action of transporting calcium pumps, which would be absent from the nerve, but they did not discuss the possible activity of ecto-enzymes. An activity on pituicytes in rat neurohypophysis was also reported in the present study, although not around every cell process. In a previous biochemical study of bovine neurohypophysis ATPase activity, the presence of a Ca2+, Mg*+-transporting ATPase was demonstrated in plasma membraneenriched fractions, but no attempt was made to identify an ectoATPase activity (Conigrave et al., 1981) . Ecto-ATPase activity has been identified biochemically associated with synaptosomes from fish electric organ (Keller and Zhmermann, 1983) , chicken brain (Nagy et al., 1983) , and mammalian brain (Hohmann et al., 1993; Sorensen and Mahler, 1982) . However, the very presence of ectoATPase at the surface of nerve endings has been questioned, because most of the activity was found by ultrastructural cytochemistry to be localized in the normally intracellular postsynaptic densities of synaptosomes that had been exposed by preparation procedures (Kittel and Bacsy, 1994) . The present study provides cytochemical evidence that an ecto-ATPase is present on the neuronal surface, at least in neurohypophysial nerve endings. We did not investigate brain synaptosomes, but our preliminary attempts with neurohypophysis (in which synaptosomes, also called neurosecretosomes, have no postsynaptic densities) suggest that the centrifuging of synaptosomes removes extemal lead precipitates. That may explain the partial failure of Kittel and Bacsy (1994) to localize ecto-mases on the plasma membrane of rat brain synaptosomes.
